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Chapter 1 Introduction 
 
1-1 Utilizing solar energy 
Fossil fuels have been utilized as the essential energy source for industrialization. 
Industrial CO2 emissions have, however, led to an increase in the atmospheric CO2 
concentration (400 ppm), and the effects of this increase in terms of global warming cannot be 
underestimated. The development of renewable energy as a replacement for fossil fuels has 
been slow.[1,2] Among these renewable energies, solar energy has the greatest potential; the 
solar energy that reaches the earth in 1 h is equivalent to the energy consumed on earth in 1 
year. [1,2]  Although silicon solar cells (Si SCs) have been commercialized, achieving the 
widespread adoption of technologies that convert solar energy to electricity often requires 
government subsidies.[3] Other types of SCs, including compound semiconductors and dye-
sensitized SCs,[4] and fuel cells (FCs) that use hydrogen as a fuel,[5] which potentially can be 
generated using solar energy,[6] have also been extensively investigated. However, all of the 
requisites (sustainability, durability, and an electromotive force greater than 1.5 V per cell) 
have not yet been fully satisfied.  
Therefore, we developed new solar cell “photofuel cell (PFC)”. PFCs are high 
electromotive force (3 V). Thus, PFCs are consisted on only inexpensive materials.  
 
1-2 PFC 
In this study, we demonstrate a new device: a photofuel cell (PFC) utilizing two 
photocatalysts TiO2 and silver(0/I)-doped TiO2 on an electrode film, both immersed in acidic 
solutions separated by a proton-conducting polymer (PCP). The cell mechanism of redox 
reactions over the photocatalysts and the flow of electrons and protons in the cell facilitates a 
theoretical electromotive force of 3 V if some reasons (charge recombination in electrodes, 
electrons confined in Ag, and reverse electron flow from cathode to anode) for overvoltage 
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are not taken into account. Moreover, the use of acidic water as a fuel is inexpensive and 
sustainable. The concept of PFC is shown in Fig. 1. The band gap values for anatase- and 
rutile-type TiO2 are 3.2 and 3.0 eV,[7,8] respectively, and charges (holes, electrons) are 
separated by UV (and minor visible) light irradiation. The holes in TiO2 diffused to the 
surface to photooxidize water, while the electrons in Ag–TiO2 diffused to the TiO2 surface 
and then to Ag nanoparticles to photoreduce O2 molecules. Thus, in the cell, electron flow 
from the conduction band (CB) of TiO2 to the valence band (VB) of Ag–TiO2 is obtained.  
Because the Schottky barrier is formed at the interface between TiO2 and Ag nanoparticles, 
the electron flow from TiO2 to Ag is rectified. This concept of PFC comprising two 
photoelectrodes is different from FCs comprising a photoanode and a conventional cathode 
such as Pt–carbon,[9–15] dye-sensitized SCs comprising a dye on a semiconductor and a 
conventional cathode,[3] and combination of two photocatalysts separated by a PCP film to 
produce O2 and H2 independently from water.[16–18] 
 
1-3 Other cells similar to PFC 
1-3-1 Fuel Cell  
       Fuel cell (FC) is the cell utilizing combustion reaction of hydrogen or organic fuel. 
Combustion reaction is separated from anode reaction and cathode reaction. FCs are classified 
into 4 types (PEFC: Polymer Electrolyte Fuel Cell, PAFC: Phosphoric Acid Fuel Cell, 
MCFC: Molten Carbonate Fuel Cell, SOFC: Solid Oxide Fuel Cell) on the basis of working 
temperature and kinds of electrolyte and reactions at electrodes. PEFC and PFC are similar in 
they utilize reaction with H2O and they have a Proton Conducting Polymer (PCP). In this 
section, PEFC is explained mainly.  
   Most PEFC have Pt – supported carbon (Pt-C) at both electrodes (an anode and a cathode) 
as a catalyst. An anode and a cathode divided by a PCP film. An anode, a PCP film and a 
cathode are commonly combined. PEFC generates electricity by heating at 355 K, H2 flow at 
 7 
an anode and O2 flow at a cathode. The mechanism of PEFC is as follows: H2 (or organic 
fuel) are oxidized at an anode Pt-C. Then protons and electrons are generated (H2 → 2H
+
 + 
2e
-
). Generated electrons translate from an anode to a cathode through outer circuit as a 
current. While, generated protons diffuse from an anode to a cathode through a PCP film. O2 
is reduced by translated electrons and protons into H2O at a cathode Pt-C (O2 + 4H
+
 + 4e
-
 → 
2H2O). PEFC generates electricity by these reactions. The electromotive force of PEFC is the 
difference from redox potential of H2 (or organic fuel) (0 V vs SHE) and that of H2O (1.23 V 
SHE).  
     To compare PEFC to other type FCs, PEFC is smaller and needs lower temperature. 
Therefore, PEFC is expected for utilizing household generator and fuel cell vehicle. 
ENE∙FARM (commercial PEFC household generator) can use exhaust heat of PEFC. Energy 
conversion efficiency of ENE∙FARM is about 70% (including use exhaust heat). 
     There are some problems with PEFC to spread more widely. First, Pt at Pt-C catalyst is too 
extensive and amount of Pt are limited in the earth. Second, Pt-C catalyst is not stable under 
long working of PEFC. Third, higher conversion efficiency of PEFC is also need. To solve 
these problems, developing alternative Pt-C catalyst (Ta based catalyst [19]) and developing 
more stable supporting materials (Ta-SnO2-δ) are studied [20]. 
 
1-3-2 Dye-sensitized solar cell 
         Dye-sensitized solar cell (DSSC) is one kind of solar cells (SC). It was developed at 
1991 by Grätzel. Therefore, this solar cell also called Grätzel cell. A lot of studies about 
DSSC have been performed. PFC is similar to DSSC in that generates electricity by 
irradiation with light and chemical reactions. DSSCs contain photoanode, cathode (Pt), photo 
sensitizer (Ru complex) and redox mediator (I3
-
/I
-
), and electrolyte (Fig. 2). A Photoanode is 
composed of semiconductors (TiO2) on conducting substrate (ITO, FTO). Photo sensitizers 
are adsorbed on photocatalyst.  A redox mediator is dissolved in electrolyte (CH3CN).  
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         DSSC generates electricity as follows. By irradiation with photo sensitizers, electrons in 
sensitizers are excited. Then the excited electrons translated to conduction band (CB) of 
semiconductor in an anode. The excited electrons flow from an anode to a cathode as 
photocurrents via external circuits. The translated electrons in a cathode reduce oxidized 
mediators. The reduced mediators by translated electrons reduce oxidized photo sensitizers. 
DSSC generates electricity by repeating these schemes. The electromotive force (- 1V) is the 
difference between fermi level of an anode semiconductor and potential of the redox mediator 
(Scheme. 1). 
        DSSC performed the highest efficiently (10 – 11%) in conversion solar energy to 
electricity utilizing Ru photosensitizer ([Ru(Htcterpy)(NCS)3], N719)[21]. However, DSSC 
has almost three kinds of problems in commercial wide spreading. First is that the sensitizers 
containing noble metals and a cathode composing of platinum are expensive and limited in 
mount. Second is stability of liquid electrolyte for long run. Third is that DSSC has low 
efficiency. To solve the first problem, the sensitizers without including noble metals (Zn 
porphyrin-based sensitizer) and organic sensitizers (ISB-2) have been studied [21]. And also 
carbon electrodes and organic polymer as a cathode have been studied [22]. To solve second 
problems, the DSSCs utilizing ion liquid electrolyte, gelling electrolyte and solid electrolyte 
are studied. To solve the third problems, Co
2+/3+
 complex as a redox mediator are studied. The 
DSSC containing Co
2+/3+
 redox mediator performed a efficiently of about 13%. [23] 
 
1-3-3  Photo electrolysis cell 
The PFC in this study was also compared to photoelectrochemical electrolysis (or 
photoelectrocatalytic) cells (PECs) already known in the literature (Scheme 2).[11-18,24-34] 
PECs was divided into 4 clear types.
  
1-4-3-1  Type1 PEC 
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Type 1 PECs consist of a photoanode (e.g., TiO2 and WO3) a [photo]cathode, and a redox 
mediator, e.g., (S
2−
/Sn
2−
, and Fe
2+/3+
,  [24, 25]) to diffuse the electrons from the cathode to the 
anode. By irradiations with an anode, electrons in an anode are exited and holes (h
+
) are 
generated. Then, the holes reacted with reduced redox mediators (A
n+
). The excited electrons 
are translated from an anode to a cathode via external circuit. Since, the excited electrons are 
reacted with oxidized redox mediators (A
n+1
).  
The difference between the CB minimum of the photoanode and the potential of the redox 
mediator is the electromotive force. 
Recently, a PEC utilizing CdS, [Ru- (bpy)3]
2+/3+
 and non-aqueous solution as a anode and 
redox mediator and electrolyte respectively performed high electromotive force (1.5 V) [26].  
This high voltage was attributable to negative CB minimum of CdS and positive potential (0.0 
VSHE) of the redox mediator [Ru- (bpy)3]
2+/3+
 (1.6 VSHE).  
 
1-3-3-2 Type 2 PEC 
      Type 2 PECs are FCs that consist of a photoanode for fuel oxidation and a conventional 
cathode, e.g., Pt–carbon, for O2 reduction.[13-15,27] The photoanode and cathode are 
separated by a PCP film. By irradiations with an anode, electrons in an anode are exited and 
holes (h
+
) are generated. Then, the holes react with a fuel. Protons and oxidized fuel are 
generated. The generated H
+
 diffused to a cathode through PCP films. The excited electrons 
are translated from an anode to a cathode via external circuit. Since, the excited electrons are 
reacted with oxygen and protons. H2O are generated. In sum total, H2O and oxidized fuel are 
generated to oxidize fuel during photogenerating electricity.  
The deference between the CB minimum of the photoanode and the electric potential of 
O2 reduction (O2 + 4H
+
 + 4e
-
 → 2H2O   1.29 V vs SHE) is the electromotive force (~ 1 V).  
 
1-3-3-3 Type 3 PFC 
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Type 3 PECs (or tandem photolysis cells) consist of a photoanode (TiO2, WO3)and a 
[photo]cathode (TiO2, Pt) to form O2 and H2, respectively, from water.[16,27-30] In the cells, 
a redox mediator (IO3
−
/I
−
, Fe
3+/2+
, Br2/Br
−
)
 
is used to diffuse electrons;[17,18] alternatively, 
protons diffuse from the anode to the cathode if a redox mediator is not employed.[31,32] By 
irradiations with an anode, electrons in an anode are exited and holes (h
+
) are generated. The 
holes react with H2O. O2 and protons generated. The generated protons diffuse to a cathode.  
In the absence of redox mediators, the excited electrons are translated from an anode to a 
cathode via external circuit. In the presents of redox mediators, redox mediators are reacted 
with excited electrons. And electric charges are translated in electrode substance via redox 
mediators. In the absence of redox mediators the excited electrons are reacted with protons. 
And, H2 are generated. In the present of redox mediator electrons from an anode reacted with 
redox mediators in a cathode. And redox mediators reduce protons. In sum total, O2 and H2 
are generated to splitting H2O during photogenerating electricity.  
The difference between the CB minimum of the photoanode and the VB maximum of the 
photocathode is the electromotive force if a redox mediator (IO3
−
/I
−
, Fe
3+/2+
, Br2/Br
−
)[17,18] 
is not used.[31] 
Significant feature of this PFCs is the ability of generating H2 from H2O during 
photogenerating electricity. 
 
1-3-3-4 Type 4 PFC 
Type 4 PECs consist of a photoanode (WO3) to oxidize a fuel (not water) and a 
photocathode (Cu2O) to reduce protons. By irradiations with an anode, electrons in an anode 
are exited and holes (h
+
) are generated. Then, the holes react with a fuel. Protons and oxidized 
fuel are generated. The generated H
+
 diffused to a cathode. The excited electrons are 
translated from an anode to a cathode via external circuit. On the other hand, irradiations with 
a cathode, electrons in an anode are exited and holes (h
+
) are generated. The excited electron 
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at a cathode react with proton, H2 are generated. The holes at a cathode recombine with 
excited electrons from anode. In sum total, fuel is reformed into H2 during generating 
electricity. 
The difference between the CB minimum of the photoanode and the VB maximum of the 
photocathode is the electromotive force. However, the electromotive force is less than 1 V 
when deep (positive) potential anodic WO3 and high (negative) potential cathodic Cu2O are 
used as photocatalysts for selective oxidation of the fuel and selective reduction of protons, 
respectively.[33] 
 
1-3-4 Advantage of PFC  
In summary, PFCs photooxidize water over a photoanode similar to Type 3 PECs and 
reduce O2 over a photocathode similar to Type 2 PECs and other FCs. Thus, the specific point 
of a PFC is the photocatalytic reduction of O2 at the cathode, which is in contrast to PEC 
Types 1–4 (Scheme 2). 
Importantly, the combination of a photoanode and a photocathode in a PFC enables a 
theoretical electromotive force of as high as 3.0 V (Scheme 2). [31,34]  
Therefore, the electromotive force between the CB minimum of the photoanode and the 
VB maximum of the photocathode is advantageous for PFCs and Type 3 and 4 PECs (Scheme 
2), but the potential for the reaction 2H
+
 + 2e
−
  H2 (0 V @ 298 K & pH 0) in PECs requires 
a more negative voltage for the CB of the photocathode compared to the voltage (1.229 V @ 
298 K, pH 0) required for the reaction O2 + 4H
+
 + 4e
−
  2H2O in a PFC. Consequently, for 
Type 3 and 4 PECs, the voltage of the VB maximum of the photocathode is more negative, 
and the difference (electromotive force) with respect to the CB minimum for the photoanode 
decreases (Scheme 2). Moreover, the reactions in a PFC are completely reversible, allowing 
the regeneration of water; thus, PFCs are recyclable (Scheme 2). 
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Fig. 1. Components, chemical reactions and electrons flow of PFC 
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Fig. 2. Components of basic DSSC 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1 Energy diagram and electrons flow of DSSC 
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Scheme 2  Components and chemical reactions in a PFC and Type 1–4 PECs. The dotted 
arrow indicates the possible use of a photoelectrode or a general electrode, and the dotted line 
at the middle of the cell indicates the possible use of a PCP for separation. 
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Chapter 2 Method 
2-1 SEM TEM HAADF 
SEM  
Scanning Electron Microscopy (SEM) is the microscopy utilizing electron beam. A 
sample irradiated with electron beam emits secondary electrons, back scattered electrons and 
X-ray. To detect these emissions, scan image of a sample obtained. Mainly secondary 
electrons are detected in SEM analysis. The secondary electrons have low energy ( ~50 eV). 
The secondary electrons generated at bulk are disappeared in a sample. Therefore only 
secondary electrons that generate at surface could be detected. Thus, surface image of the 
sample is obtained. The electron beam is accelerate by applied voltage (10 ~ 30 keV). The 
secondary electrons generated at a few nm below surface are detected. As applied voltage is 
higher, resolution of SEM is higher. The resolution of SEM is several nm. 
 
TEM  
Transmission Electron Microscopy (TEM) is the microscopy utilizing electron beam. 
TEM image is obtained to project transmission electrons through samples. The principal of 
TEM is similar to optical microscopies. In TEM electromagnetic lens is used as optical lens 
and electron beam is used as optical source. The electron beam is accelerated by applied 
voltage (a few hundred keV).  As applied voltage is higher, resolution of TEM is higher. The 
resolution of SEM is a few angstroms. In TEM, obtained image is image of transmission 
electrons. Therefore, TEM image is not 3D image but projected image.  
        High Angle Annular Dark-Field Scanning TEM (HAADF-STEM ) 
In HADDF, electron beam is focused. High angle scattered electrons by a sample are detected 
to scan a sample with focused electron beam. The electron that scattered by a heavy atom (the 
value of Z is large) tend to scattered high angle. Therefore more scattered electrons are 
detected as the sample contains large atoms.  Thus, the samples contain different elements 
 18 
could be distinguished with HAADF-STEM.  
 
2-2 XAFS 
Introduction of XAFS  
       X-ray absorption fine structure (XAFS) is a spectroscopy based on X-ray absorption. 
States and structures (redox status, neighborhood structure) of particular elements in sample 
consists on some elements are revealed with this method. In particular, XAFS is based on the 
absorption of X-rays with a specific energy attribute to the elements. The difference of energy 
of absorbed X-ray is a little among same element, even among different compounds.  Thus, 
the spectrum at higher energy than that of the absorption edge, is affected by state and 
neighborhood structure of absorbed atoms. Therefore, states and structures of particular 
elements in sample consists on some elements are revealed with this method. The spectrum is 
distinguished between one at near an edge and one at more 50 eV higher energy than that of 
an edge. The former is X-ray Absorption Near Edge Structure (XANES) [1] and the latter is 
Extended X-ray Adsorption Fine Structure (EXAFS) [1,2]. 
 
Principle of EXAFS  
       When the atom is irradiated X-ray that has energy higher than absorbed edge energy, 
electrons in the atom are excited and emit as photoelectrons from the atom. The some emitted 
electrons are scattered by other atoms the near the absorbed atom and the electrons return to 
the absorbed atom. Then returning electrons and emitting electrons interference with each 
other. In the result, the possibility of electron translations in the absorbed atom change. These 
changes appear as the oscillatory structure in XAFS spectrum at EXAFS area. 
 
EXAFS data analysis  
       XAFS spectrum contain not only oscillatory structure attribute to neighborhood atoms 
 19 
but also absorption of target atoms and back grounds. Therefore, absorption of back ground 
must be deducted from XAFS spectrum. And then, the spectrum of isolated target atom is 
supposed. The produced oscillatory spectrum via these procedures includes neighborhood 
structure. And, neighborhood structure is represented as Radial Distribution Function (RDF) 
to Fourier transform the oscillatory spectrum.  
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Chapter 3 A photofuel cell comprising titanium oxide 
and silver(I/0) photocatalysts for use of acidic water as a 
medium. 
 
3-1 Introduction 
        Among these renewable energies, solar energy has the greatest potential. Therefore, 
methods of utilizing solar energy have been studied.  Although silicon solar cells (Si SCs) 
have been commercialized, achieving the widespread adoption of technologies that convert 
solar energy to electricity often requires government subsidies.[1] Other types of SCs, 
including compound semiconductors and dye-sensitized SCs,[2] and fuel cells (FCs) that use 
hydrogen as a fuel,[3] which potentially can be generated using solar energy,[4] have also 
been extensively investigated.  Then, we develop a new device “Photofuel cell (PFC)” 
utilizing inexpensive photocatalysts. A photofuel cell (PFC) utilizing two photocatalysts 
(TiO2 and silver(0/I)-doped TiO2) on each electrode, both immersed in acidic solutions 
separated by a proton-conducting polymer (PCP). The mechanism of PFC is as follows; water 
is photooxided at an anode and oxygen is photoreduced at a cathode.  Consequently, excited 
electrons and holes (h
+
) are generated at an anode and a cathode respectively. Then excited 
electrons flow from an anode to holes at a cathode as photocurrents. The advantage of PFC is 
PFC can be constructed by only inexpensive photocatalysts (TiO2, Ag-TiO2) and acidic water. 
Moreover, the theoretical electromotive force that is the difference from the potential of 
excited electrons at an anode and that of holes at a cathode is high (3 V). 
 
 3-2 Experimental Section 
3-2-1 Synthesis of photo catalysts and photo electrodes 
TiO2 powder (1.00 g; P25, Degussa; anatase/rutile phases = 7/3; specific surface area 60 
m
2
 g
−1
) was suspended in 3.0 mL of deionized water (< 0.06 S cm−1) and then stirred well. 
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The suspension obtained was dried at 373 K for 24 h and heated in air at 673 K for 2 h. The 
resultant powder was suspended in 3.0 mL of deionized water and placed on ITO (thickness 
0.12–0.16 m)-coated Pyrex glass plate. The TiO2/ITO/Pyrex was dried at 373 K for 18 h and 
heated in air at 573 K for 30 min. The amount of TiO2 placed on ITO-coated glass was 5.0 mg, 
and the area covered was 1.3 cm
2
. 
Silver nitrate (17, 52, or 159 mg; 99.8%, Wako Pure Chemicals) was dissolved in 10 mL 
of deionized water. The solution was mixed with 3.33 g of untreated TiO2 (P25). The mixture 
was magnetically stirred at a rate of 850 rpm and the water was distilled at 353 K. The 
obtained powder was dried at 373 K for 24 h and heated in air at 673 K for 2 h. The obtained 
Ag-TiO2 powders contained 0.33, 1.0, and 3.0 wt% of Ag. They were suspended in minimum 
amount of water and placed on ITO-coated glass in a manner similar to that for the 
TiO2/ITO/Pyrex. 
 
3-2-2 Characterization of photocatalyst 
3-2-2-1 SEM , TEM, HAADF 
SEM, TEM, HR-TEM, and HAADF-STEM images were observed using TEM apparatus 
(Hitachi, Model HD2700 with an aberration-corrected STEM and an accelerating voltage of 
200 kV). 
 
3-2-2-2 EXAFS 
Silver K-edge EXAFS spectra were measured at 290 K in transmission mode in the 
Photon Factory Advanced Ring at the High Energy Accelerator Research Organization 
(Tsukuba) on beamline NW10A. The storage ring energy was 6.5 GeV and the ring current 
was 537–355 mA. A Si (311) double-crystal monochromator and platinum-coated focusing 
cylindrical mirror were inserted into the X-ray beam path. The X-ray intensity was maintained 
at 65% of the maximum flux using a piezo translator set to the crystal. The slit opening size 
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was 1 mm (vertical) × 2 mm (horizontal) in front of the ionization chamber. The silver Kedge 
absorption energy was calibrated to 25516.5 eV for the spectrum of Ag metal.[5] The 4 
EXAFS data were analyzed using an XDAP package.[6] Multiple-shell curve-fit analyses 
were performed for the Fourier-filtered k
3
-weighted EXAFS data in k- and R-space using 
empirical amplitude and phase-shift parameters extracted from the EXAFS data for Ag metal 
foil, Ag2O, and AgCl powders. The interatomic distance (R) and its associated coordination 
number (N) for the Ag-Ag, Ag-O, and Ag-Cl pairs were set to 0.2889 nm with the N value of 
12, 0.2044 nm with the N value of 2, and 0.2775 nm with the N value of 6 (Table 1). 
 
3-2-3 photo catalysts and photo electrode test 
3-2-3-1 Photocurrent test 
TiO2/ITO/Pyrex and Ag-TiO2/ITO/Pyrex electrodes were immersed in HCl solutions (40 
mL on each compartment; initial pH values between 2.0 and 4.0). The two compartments 
were separated by a 50 m-thick PCP film (Nafion, Dupont; acid capacity > 9.2 × 10−4 
equivalent g
−1
). N2 and O2 gas were bubbled at 30 mm apart from each photoelectrode at a 
flow rate of 100 mL min
−1
 (Graphical abstract). The PFC was equipped with quartz windows 
( = 80 cm) on both sides. Both TiO2 and Ag-TiO2 photocatalysts were irradiated by UV-
visible light through quartz windows via two-way branched quartz fiber light guide (5–2B–
1000L, San-ei Electric Co.) from 500-W xenon arc lamp (Ushio, Model SX-UID502XAM). 
The distance between the light exit ( = 5 mm) and TiO2 or Ag-TiO2 film was 46 mm. The 
light intensity was 8 mW cm
−2
 at the center of the photocatalyst film on electrodes.  
Static photocurrent generation tests (Figs. 4-7) were performed by connecting a external 
parallel circuit of a voltmeter, an ammeter, and a resistance of 0.5 Ω. A 30 min cycle of UV-
visible light irradiation and 30 min of darkness was repeated on both photocatalysts, typically 
five times. The voltage between two electrodes and the current were monitored.  
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3-2-3-2 Current–voltage dependence tests 
The i–V dependence was also measured using a similar parallel circuit. After the 
photocurrent test, the resistance was gradually decreased from 500 kΩ to 0.3 Ω over 20 min to 
plot the i–V dependence. 
 
3-2-3-3 Cyclic Voltammetry 
Cyclic voltammetry measurements were performed for Ag-TiO2 (3.0 wt% of Ag) or TiO2 
as a working electrode (WE), glassy carbon as counter electrode, and Ag/AgCl as a reference 
electrode immersed in HCl solution of pH 4.0. The voltage of WE was swept between −1.0 
and 1.5 V versus Ag/AgCl at the rate of 50 mV s
−1
 using a potentio/galvanostat (Model 
VersaSTAT 3-100, Princeton Applied Research) in O2 or N2 atmosphere at a flow rate of 100 
mL min
−1
 under the irradiation by UV-visible light (8 mW cm
−2
) or in dark. 
 
3-2-4 Product analyses during photocurrent tests at the anode 
3-2-4-1 Analysis of O2 formed at the anode 
 56.2 mg of iron(III) chloride hexahydrate (Kanto Chemical, purity ≥99%) was dissolved 
in 90 mL of HCl aqueous solution in a quartz flask. The pH of this solution was adjusted to 
2.0 by the addition of HCl solution. 151 mg of TiO2 powder (P25, Degussa) was suspended in 
this solution for 10 min. Then, dissolved O2 in the solution was removed by N2 bubbling for 
30 min. Next, N2 bubbling was stopped and the flask was isolated. The solution suspended 
with TiO2 was irradiated with UV–visible light from model SX-UID502XAM. The distance 
between the light exit ( = 60 mm) and the center of the flask was 120 mm. The sample was 
exposed to the light for 15 min and kept in the dark for 15 min. This step was repeated five 
times. The solution was magnetically stirred at a rate of 1000 rpm and the temperature was 
298–301 K. The formed O2 as dissolved was monitored in situ by a dissolved oxygen (DO) 
electrode (Model 9520-10D, Horiba). 
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3-2-4-2 Analysis of hypochlorous acid formed at the anode by the photooxidation of Cl
− 
The possibility of the photooxidation of Cl
−
 ions at the anode of the PFC instead of the 
photooxidation of water was checked. If Cl2 is formed by the photoxidation at the anode eqn 
(1), it should immediately decompose into hypochlorous acid and hydrochloric acid in the 
HCl solution of the anode eqn (2). 
2Cl
−
 + 2h
+
 → Cl2     (1) 
Cl2 + H2O → HCl + HClO     (2) 
The HClO formed was evaluated by the N,N-diethyl-p-phenylenediamine (DPD) method [7]. 
20 mg of DPD reagent (0.8 mg of DPD sulfate salt (H2SO4) and 19.2 mg of Na2SO4) 
were dissolved in 1.0 mL phosphate buffer solution (pH 6.5). This solution was mixed with 
5.0 mL of 0–39.0 mol L−1 of NaOCl aqueous solutions and used as a standard solution. The 
mixed solutions (6.0 mL) were used to obtain a linear regression relationship between the 
absorbance at 515 nm and the concentration of ClO
−
 ions. 
Next, 20 mg of DPD reagent were dissolved in 4.0 mL phosphate buffer solution (pH 6.5). 
This solution was mixed with 2.0 mL of sample solution (HCl aqueous solution) after a 
photocurrent test using Ag-TiO2 (3 wt%Ag) as a cathode catalyst for 3 h at pH 2.0. The UV–
visible spectrum of the mixed solution (6.0 mL) was measured by UV–visible spectrometer 
(Model V650, JASCO). The concentration of HClO in the sample was determined based on 
the absorbance at 515 nm and the relationship obtained using NaOCl standard solutions. The 
reason for the volume difference for the phosphate buffer and sample solutions was to adjust 
the pH within 6.4 and 6.6 for mixed solutions (6.0 mL). 
 
3-3 Result and discussion 
3-3-1 Characterization 
3-3-1-1 Characterization of As synthesized Ag-TiO2 
An Ag-supported TiO2 (Ag-TiO2) sample was calcined at 673 K.  The color was light 
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yellow, which indicated the presence of metallic Ag
0
.[8] However, the color changed to 
purple under air after 24 h (Fig. 1A).  
Silver K-edge extended X-ray absorption fine structure (EXAFS, Fig. 1B-a) 
demonstrated the dominance of Ag2O based on the interatomic pair of Ag and O at 0.2305 nm 
by curve-fit analysis (Table 1a). A weak peak due to the interatomic pair of Ag and Ag 
because of metallic Ag
0
 was also observed by EXAFS (Fig. 1B-a2); however, the population 
was small (~10% on atom basis) based on the curve-fit analysis (Table 1A) 
Scanning electron microscopy (SEM, Fig. 2A), transmission electron microscopy (TEM, 
Fig. 2B) and high-resolution (HR) TEM (Fig. 2D) revealed Ag2O nanoparticles of mean 3.8 
nm accompanying lattice intervals between 0.222 and 0.249 nm, corresponding to (002) 
lattice (a/2 = 0.2361 nm) and not (111) lattice (a/√3 = 0.2726 nm). The brightness of the high 
angle annular dark field (HAADF)-scanning TEM (STEM) image was proportional to the 
square of atomic weight and distinguished 47Ag and 22Ti atoms (Figs. 2C, E). Indeed, the 
distribution of Ag2O nanoparticles on TiO2 was clearly observed (Fig. 2C), and the atomic 
resolution image of a single Ag2O nanoparticle supported the presence of Ag2O (Fig. 2E), as 
shown in HR-TEM image (Fig. 2D). 
 
3-3-1-2 Ag-TiO2 immered HCl aqueous solution under N2 
When the Ag-TiO2 was immersed in a HCl solution with a pH of 2.0, the color of Ag-
TiO2 changed to light yellow within 5 s (Fig. 1A, Right).  
EXAFS demonstrated the interatomic pair distance between Ag—Cl at 0.262 nm. Thus, 
coordination number (N) for Ag—O at 0.2038 nm was decrease from 1.8 to 0.9. this indicated 
outer layers of Ag2O transformed to colorless Ag(I) chloride (Fig. 1A, Right Fig 1B-b2, Table 
1B). The light yellow color was due to small number of inert Ag
0
 nanoparticles. 
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3-3-1-3 Irradiated Ag-TiO2 immered HCl aqueous solution under N2 
When the Ag–TiO2 on the electrode immersed in a HCl solution at a pH of 2.0 was 
irradiated by UV-visible light, the yellow color changed to ocher within 10 s (Fig. 1A, top). 
In EXAFS data, coordination number (N) for Ag—O at 0.2046 nm was decrease from 
0.9 to 0.3. And, the peak of Ag-Cl was disappeared (Fig 1B-c2, Table 1C). On the other hand, 
the coordination number (N) for Ag—Ag at 0.287 nm was increased from 1.5 to 6.0 (Table 1C). 
It was observed that the interatomic pair of Ag and Ag became predominant. Therefore, all of 
the outer layer AgCl and a part of the inner layer Ag2O were transformed to metallic yellow 
Ag
0
 due to the reduction by photogenerated electrons diffused from TiO2. 
 
3-3-1-4 Ag-TiO2 immered HCl aqueous solution under O2 after irradiation was stopped. 
         EXAFS data showed the coordination number (N) for Ag —Ag at 0.284 nm was 
decreased from 6.0 to 4.0 (Table 1D). While, coordination number (N) for Ag—O at 0.212 nm 
was increase from 0.3 to 1.5 (Table 1D). This revealed outer layer Ag
0
 was re-oxidized by 
dissolved O2 in HCl solution. 
 
3-3-2 Photo current changes and the i-V dependence 
3-3-2-1 Photocurrent tests 
In response to the UV-visible irradiation, the photocurrents increased and stabilized 
within 6–9 min at pH 3.0 (Fig. 4). In five light on–off cycles, the photocurrents converged to 
11.8–12.7, 17.6–18.8, and 26.0–26.7 mA using Ag–TiO2 of 0.33, 1.0, and 3.0 wt%-Ag, 
respectively, on a photocathode. The converged photocurrent values were plotted as a 
function of the Ag content in the Ag–TiO2 photocatalysts (Fig. 5), and they increased 
proportionally to the cube root of the Ag content.  
Next, the dependence of photocurrents on the pH of the electrolyte solution was 
investigated for the PFC comprising TiO2 and Ag–TiO2 (3.0 wt% of Ag) at the pH values 
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between 2.0 and 4.0 (Fig. 6). Throughout this study, the pH values changed negligibly (within 
the variation of 0.02) over 5 h. The photocurrents stabilized within 1–11 min of irradiation 
and converged to 26.0–26.7 mA at pH 3.0. The current gradually increased from 43.7 to 60.5 
mA in five cycles at pH 2.0 (Fig. 6A); in contrast, the current gradually decreased from 3.2 to 
2.6 mA at pH 4.0 (6B). The photocurrents quickly decreased to zero over 6 min at pHs of 2.0 
and 3.0 when the UV-visible light was off, while the currents decreased more slowly (30–43 
min) at pH 4.0. This suggested limited diffusion at lower proton concentrations. The 
converged PFC photocurrent values were plotted as a function of electrolyte solution proton 
concentrations (Fig. 7). The values increased proportionally to the square root of the proton 
concentrations. 
 
3-3-2-2 Basic photocurrent model 
Basic theory of photocurrent of PFC 
The PFC photocurrents are generated by the balance of photoexcitation and charge 
recombination in TiO2 and Ag–TiO2 photocatalysts, and the reaction rates of water 
photooxidation and O2 photoreduction (Scheme 1) analogous to dye-sensitized SCs, in which 
the dye attached to TiO2 is photooxidized and the redox mediator is reduced at the cathode. 
The allowed indirect band gap electronic transition[9] leads to the separation of electrons and 
holes in TiO2. The equilibrium constants of charge separation (Ka and Kc) are assumed in the 
photoanodic TiO2 and photocathodic Ag–TiO2, respectively. The electrons excited to CB for 
Ag–TiO2 may be favorably trapped at the Ag sites[8] owing to the Schottky barrier (work 
functions: 4.52–4.74 eV (Ag)[10] > 4.13–4.3 eV (TiO2) [11,12]. The trap was evidenced by 
the reduction of Ag
I
 to Ag
0
 in EXAFS for Ag–TiO2 immersed in a HCl solution and irradiated 
by UV-visible light (Fig. 1B–c and Table 1C). The photooxidation over TiO2 was essentially 
irreversible under the N2 flow. The rate and rate constant were denoted as rox and kox, 
respectively. The O2 photoreduction at Ag–TiO2 was in equilibrium with the product (water) 
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and the constant is denoted as Kred. The forward electron flow rate from TiO2 to Ag–TiO2 via 
the external circuit should be proportional to both the excited electron concentration in TiO2 
and the hole Ag–TiO2 concentration based on the principle of PFC as shown in Scheme 1. 
The reverse electron flow rate should be proportional to both the unreacted trapped electron 
concentration at Ag–TiO2 and the unreacted hole concentration at TiO2.  
 
The photocurrents ( i ) formula derivation  
 [O2], [H
+
], [H2O], [Ti
4+
], [Ti
3+
], [O
2−
], [O
−
], [Ag
+
], and [Ag
0
] were the concentrations 
of O2, H
+
, and H2O in the electrolyte solution and the concentrations of Ti
4+
, Ti
3+
, O
2−
, O
−
, 
Ag
+
, and Ag
0
 in photocatalysts with a subscript “a” (anode) or “c” (cathode). [O−] denotes 
hole concentrations at VB of TiO2 and [Ti
3+
]a and [Ag
0
]c denote electron concentrations at CB 
of TiO2 and trapping sites of Ag nanoparticles, respectively. 
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Nitrogen gas was bubbled through the acidic solution for TiO2 to purge O2.  In a separate 
experiment, O2 was recycled to irreversibly transfer to the gas phase of the anode 
compartment through an organic layer and then to the cathode compartment through small 
vent holes in the PCP film (Graphical abstract). The reaction rate at anode is formally 
proportional to the fourth power of [O
−
]a as it is four-electron oxidation (Scheme 1). 
     4
a
-2
a2oxox
OOHkr       (5) 
For the equilibrium of O2 photoreduction, forward and reverse reaction rates were formally 
proportional to the fourth powers of [Ag
0
]c and [O
−
]c, respectively, because they were four-
electron reactions (Scheme 1). 
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The net electron flow rate (photocurrent) is the difference in the forward electron flow 
from TiO2 to Ag-TiO2 via the external circuit, and the reverse electron flow from TiO2 to Ag-
TiO2 via the external circuit. 
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Here, the equilibrium constants with the prime symbol are as follows: 
    a2a4aa OTi'  KK ,    c2ccc OAg'  KK , Kred ' =Kred / [H2O]c( )
2
, and 
kox ' = kox H2O[ ]a( )
2
. 
 
Experimental Date fit  
The experimental data fit of pH dependence in eqn (8) is presented in Fig. 3B3 per x-axis. 
The second term was negligible in the fit (i = 626.7 [H
+
]
1/2
 – 0.009977 [H+]1/2), demonstrating 
that the reverse electron flow from Ag to the VB of anodic TiO2 via external circuit was 
minimal. Moreover, the net photocurrents were essentially proportional to [H
+
]
1/2
 (Fig. 7, 
lower x-axis; the first term of eqn (8)). In this study, PFC was advantageous for rectifying the 
electron flow direction owing to the Schottky barrier between TiO2 and Ag nanoparticles. 
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Moreover, the suppression of the reverse reaction at anodic TiO2 by purging the resultant O2, 
analogous to the suppression of dye re-reduction by electron transfer from the CB of TiO2 to 
the dye in dye-sensitized SC.[13] In addition, the total current generated as shown in Fig. 6A 
(pH 2.0) corresponded to 4.9 mmol-e
-
 versus the amount of Ag mounted on the cathode which 
was 1.4 mmol. Therefore, major part of the forward electron flow to Ag on cathode should be 
consumed to reduce O2. The effects of Ag (electron trap and electron transfer to O2-derived 
species) are related to the charge separation equilibrium Kc (or Kc′ = Kc[Ag
+
]c[O2]c) that 
appears in eqn (8). The weight (w) of sphere-like Ag nanoparticles (Fig. 2) is proportional to 
the cube of the average radius (w = 4/3 × N(r̅)3, where N is the number of Ag nanoparticles 
and  is the density). The effective charges trapped in Ag for photocatalysis should be related 
to the surface area of Ag nanoparticles, 4N(r̅) 2 = (4Np)2/3(3w/)2/3. The dependence of 
effectively trapped charges on w (2/3) takes into account the square root dependence of the 
first term in eqn (8) on Kc´ (2/3 × 1/2 = 1/3). Thus, the cube root dependence of photocurrents 
on the Ag content (Fig. 5) can also be explained. 
 
3-3-2-3 Current-voltage characteristics 
The current (i)–voltage (V) characteristic was studied for the TiO2 and Ag–TiO2 of 3.0 
wt%-Ag PFC at pH 2.0 (Fig. 8). The i value gradually increased as the cell voltage decreased, 
starting from the open circuit voltage (VOC, 1.59 V), which is similar to the i–V dependence 
for the SCs.[22] When the voltage was less than 0.45 V, the current increased linearly from 
20 to 74 mA (short circuit current, ISC). The maximum electric power was 14 mW (1.1 V × 13 
mA) among the three runs using the photocatalyst film area of 1.3 cm
2
 . The i–V 
characteristic can be explained based on the equivalent SC circuit comprising a diode, a series 
resistance (Rseries), and a shunt resistance (Rshunt).[14] The current i can be expressed as 
follows  
i = iphoto - idiode [exp {e(V + iRseries)/nkT}-1]-(V+Rseries)/Rshunt (9)  
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where iphoto is the photoelectric current, idiode is saturated i of the diode, n is a constant for the 
diode, e is elementary charge, k is Boltzmann constant, and T is the temperature of the cell. 
The Rseries and Rshunt values were calculated to be 35 and 5.9 kΩ cm
2
 , respectively, based on 
the tangent lines from VOC and ISC (Fig. 8). Compared to the general requisite for ideal Si SCs 
(Rseries<1 Ω cm
2
 , Rshunt >1 kΩ cm
2
 ), the resistance in photocatalysts and that at the interface 
between photocatalysts and electrodes needs to be improved for PFCs to decrease the Rseries 
value.  
3-3-3 Cyclic voltammetry for TiO2 and Ag-TiO2 
In the cyclic voltammetry (CV) measurements for Ag–TiO2 (3.0 wt% of Ag) in an 
aqueous HCl solution of pH 4.0, only the redox reactions of AgCl (AgCl + e
-
 → Ag0 + Cl-) 
and H2 formation (2H
+
 + 2e
-
 → H2) occurred under N2 in the dark (Fig. 9d and Table 2). 
When the Ag–TiO2 was irradiated by UV-visible light, the redox reactions of Ag2O (Ag2O + 
2H
+
 + 2e → 2Ag0 + H2O) also occurred (Fig. 9c). Under O2, the reduction reaction peak from 
Ag2O to Ag
0
 at 0.35 V (versus SHE) was more intense, as seen in Fig. 9a, when irradiated by 
UV-visible light compared to Fig. 9b, which shows the reduction peak in the dark. This result 
is in accordance with the Ag photoreduction as monitored using EXAFS (Fig. 1B–c). If the 
photoreduction of Ag is coupled with simple oxidation of Ag by O2 (4Ag + O2 → 2Ag2O), O2 
photoreduction at the cathode of the PFC can be explained (Fig. 9a, bottom inset, chemical 
formula). In contrast, no distinct peaks appeared under any of the conditions employed for 
TiO2. 
 
3-3-4 Product analyses during photocurrent tests at the anode 
3-3-4-1 Analysis of O2 formed at the anode 
The time course of dissolved O2 concentrations is shown in Figure 10. When TiO2 was 
irradiated with UV–visible light, the dissolved O2 concentration linearly increased 
immediately in all five cycles. For 1.25 h irradiation, dissolved O2 was increased from 7.8 
mol L−1 to 119 mol L−1. If the irradiation was stopped, dissolved O2 decreased gradually in 
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all cycles. This indicated that the formed O2 dissolved in acidic water and was transported to 
the gas phase in the quartz flask. In this photoreaction test, 151 mg of TiO2 was used, 
significantly greater than the 5 mg for the photocurrent test (section 3-2-4-2). Accordingly, a 
greater amount of O2 was generated from the water (63.1 mol L
−1
 per 0.25 h) in this 
photoreaction test than in photocurrent test  (Fig. 6A pH 2.0) (56.2 mol L−1 per 1 h).  
When the photocatalyst was irradiated, the rate would be the balance between O2 
formation and the transportation to the gas phase. The increase in dissolved O2 in the first 
cycle was the quickest among all the cycles. The increase in dissolved O2 was 63.1 mol L
−1
 
per 0.25 h. The slope of the dissolved O2 gradually became less steep as the cycles were 
repeated. As a result, in the fifth cycle, it was 36.2 mol L−1 per 0.25 h. This trend is 
contradicted by the gradual increase in the photocurrent in Figure 6A, pH 2.0 as the cycles 
repeated. We suspect that the major reason was that the transportation of dissolved O2 to the 
gas phase became faster as the concentration of dissolved O2 increased, as the cycles were 
repeated (Fig. 10). 
The increase rate of dissolved O2 in the first cycle was 63.1 mol L
−1
 × 0.090 L / 0.25 h / 
0.151 gcat = 151 mol-O2 h
−1
 gcat
−1
. In comparison, the total photocurrent test at pH 2.0 was 
average current 34.0 A × 3600 s h−1 / 9.65 × 104 A s mol-e– −1 / 0.0050 gcat = 350 mol-e
–
 
h
−1
 gcat
−1
. The electron flow rate corresponded to the O2 generation rate of 87 mol-O2 h
−1
 
gcat
−1
. The net O2 generation rate in Fig. 10 should be even higher because the O2 transported 
to the gas phase was not included for the evaluation in Fig. 10. This difference in the amount 
based on the PFC current was not inconsistent. In the presence of a sacrificial oxidation agent, 
Fe
3+
, photoexcited electrons to the conduction band of TiO2 easily diffuse with sufficient Fe
3+
 
and react in contrast so that the electrons need to travel to the cathode to react with holes at 
the valence band of [Ag-]TiO2 in the PFC. The concentration of holes was determined by the 
balance of charge separation by light and the cathode reaction rate of O2 reduction. 
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3-3-4-2 Analysis of hypochlorous acid formed at the anode from Cl
−
 ions 
The absorbance at 515 nm for standard mixed solutions (6.0 mL) was plotted as a 
function of NaOCl concentrations in the solution (6.0 mL). Then, a standard curve was 
calculated as follows (Fig. 11). 
Absorbance@515 nm = 0.0166 × [ClO–] (mol L−1) + 0.007     (10). 
20 mg of DPD reagent in 4.0 mL phosphate buffer solution (pH 6.5) were mixed with 2.0 mL 
of sampled solution from the anode solution (40 mL) of the PFC after Test 1 for 3 h. The 
absorbance of this mixed solution was 0.018 ± 0.008. Therefore, the amount of HClO in the 
mixed solution (6.0 mL) was 3.98 nmol based on eqn (10). Thus, the amount of HClO in the 
anode solution was calculated as 
3.98 nmol × 40 mL / 2.0 mL = 0.080 ± 0.056 mol     (11). 
For 3 h of photocurrent test  (pH 2.0), total electron flow was 3.92 mol based on the 
integration of photocurrents. Two holes reacted with Cl
−
 ions eqn (1) correspond to one HClO 
formed from Cl2 eqn (2). As the concentration of HClO was the impurity level for the anode 
solution in photocurrent test, the amount of HClO was nearly the detection limit. Therefore, 
the upper limit of selectivity to proceed with eqn (1) for photogenerated holes was 
2 × 0.080 mol-HClO / 3.92 mol-h+ = 0.041 ± 0.031     (12) 
The participation of chlorine ions in the anode reaction cannot be denied; however, the ratio 
was as low as 4.1% at most. 
 
3-4 Conclusions 
        We developed photofuel cells Photofuel cell comprising two semiconductor 
Photocatalysts (TiO2 and Ag-TiO2) for use of acidic water as a medium. The photofuel cell 
achieved the ISC value of 73.7 A, the VOC value of 1.59 V and the  PMAX value of 14.0 W. 
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Besides, the anode reaction in the PFC was demonstrated exclusively to be the photooxidation 
of water over TiO2 based on the O2 evolution test, and negligible (or no) photooxidation of 
Cl
–
 occurred based on the detected amount of HClO. The selectivity of photooxidation of Cl
–
 
was 4.1% at most as compared with the photooxidation of water. 
Photocurrents increased proportionally to the cube root of the Ag content on a cathode 
Ag-TiO2. And also they increased proportionally to the half root of the proton concentration 
in electrolyte.  These dependences are explained using the kinetic model.   
In irradiation, AgCl and Ag2O outer the Ag nanoparticles in a cathode Ag-TiO2 were 
reduced into metal Ag
0
.   Then metal Ag0 reduced oxygen into H2O. And, Ag
0 
were oxidized 
into Ag2O.  Ag2O was re-reduced into metal Ag
0
 with irradiation. Oxygen was reduced into 
H2O through these cycles. In sum, Cathode reaction, (oxygen reduction reaction)  was occur 
at metal Ag
0
 sites on Ag-TiO2. 
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Scheme 1. The energy diagram of PFC comprising two photocatalyst electrodes. 
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Table 1. The curve-fit analysis results of Ag K-edge EXAFS for Ag-TiO2 (3.0 wt%-Ag)
 a
 
    Ag-O Ag-Cl Ag-Ag 
     R (nm)  
     N   Goodness 
Sample  2 (10−5 nm2)                       of fit 
(A)    0.2305      0.287 
    (±0.0003)   (±0.002) 
673 K-calcined & under air  1.8 –– 2.0  1.3 × 104 
 (purple)   (±0.1)  (±0.1) 
    7.6  12 
    (±0.3)  (±0.2) 
(B)    0.2038    0.262 0.287 
    (±0.0003)  (±0.001)    (±0.007) 
In aq. HCl (pH 2.0) & under N2 0.9 1.5 1.5  5.4 × 10
4
 
 (yellow)   (±0.2) (±0.3) (±0.1) 
    −5.9 −15 3.7 
    (±1.9)  (±2.3) (±2.8) 
(C)    0.2046       0.287 
    (±0.0005)  (±0.001) 
Under UV-visible   0.3 –– 6.0  1.6 × 105 
 (ocher)   (±0.1)  (±0.1) 
    −7.3  3.8 
    (±3.5)  (±0.4) 
(D)    0.212  0.284 
    (±0.004)  (±0.004) 
Light off & under O2  1.5 –– 4.0  2.3 × 10
5
 
 (purple)   (±0.1)  (±0.02) 
    10  8.5 
    (±5.6)  (±0.4) 
(e)    0.2044 0.2775 0.2889 
Models    2 6 12 
(Ag2O, AgCl, or Ag metal)  –– –– –– 
a
  The values in parentheses are evaluated fit errors. 
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Fig. 1. (A) Transformation of Ag active sites on Ag-TiO2 photocatalyst.  (B) (a) Silver K-edge 
EXAFS spectra for as-prepared Ag-TiO2 (3.0 wt%-Ag), (b) sample a was immersed in HCl 
solution of pH 2.0 and then kept under 101 kPa of N2, (c) sample b was irradiated under UV-
visible light, and (d) light was turned off and sample c was kept under 101 kPa of O2. Note 
that (1) corresponds to the k3-weighted EXAFS -function and (2) corresponds to best-fit 
results in R-space to the Fourier-filtered transformed data. The red line represents the 
experimental values, and the blue line represents calculated values. The solid line represents 
the magnitude and the dotted line represents the imaginary part in panel (2) 
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Fig. 2. SEM (A), TEM (B), HR-TEM (D), and HAADF-STEM images (C, E) observed for 
as-prepared Ag-TiO2 photocatalyst stored in ambient air. 
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Fig. 3. SEM (A), TEM (B), HR-TEM (D, F, H), and HAADF-STEM images (C, E, G) measured for as-prepared 
Ag-TiO2 photocatalyst stored in ambient air 
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Fig. 4. The time course of photocurrents of the PFC comprising TiO2 and Ag-TiO2 
photocatalyst electrodes immersed in HCl solution at pH of 3.0. Circle (◦): 3.0 wt% of Ag, 
square (□): 1.0 wt% of Ag, and diamond (◇): 0.33 wt% of Ag for Ag-TiO2.  
 
 
 
 
 
 
 
  
Time (h) 
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Fig. 5. The correlation between converged photocurrents within 5 h and the Ag amount (wt% 
of Ag) or cube root of the Ag amount and the fits.   
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Fig. 6. (A, B) The time course of photocurrents in the PFC comprising TiO2 and Ag-TiO2 (3.0 
wt%-Ag) photocatalyst electrodes, which are immersed in HCl solution at pH of 2.0 (triangle, 
△), 3.0 (square, □) (A), and 4.0 (circle, ◦) (B).  
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Fig. 7. The correlation between converged photocurrents within 5 h and the H
+
 concentrations 
of acid solution in the PFC or the power of square of the H
+
 concentrations. The fits were to 
linear function (lower x-axis) or to kinetic model equation i = A[H
+
]c
1/2
 − B[H+]c
−1/2
 (equation 
2, see text; upper x-axis).  
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Fig. 8. i–V dependence for PFC comprising TiO2 and Ag-TiO2 (3.0 wt%-Ag) immersed in 
HCl solution at pH of 2.0. 
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Fig. 9. CV for working electrode of TiO2 or Ag-TiO2 (3.0 wt% of Ag) and counter electrode 
of glassy carbon in HCl aqueous solution of pH 4.0 in O2 flow (a, b) or N2 flow (c, d) under 
the irradiation by UV-visible light (a, c) or in dark (b, d). 
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Table 2. Electrochemical data for Ag-TiO2 (3.0 wt% of Ag) 
      CV peak (V) 
Redox reaction  Reduction Oxidation  Equil. voltage 
   Conditions  wave  wave  Center 298 K, pH 4.0 
(A) AgCl + e
– 
= Ag + Cl
–
 
   O2, Light  0.16  0.75  0.46 0.46
 
   O2, Dark  0.22  0.87  0.55 
   N2, Light  0.16  0.75  0.46
 
   N2, Dark  0.22  0.87  0.55 
(B) Ag2O + 2H
+
 + 2e
– 
= 2Ag + H2O 
   O2, Light  0.35  1.16  0.76 0.93
 
   O2, Dark  0.35  1.30  0.83 
   N2, Light  0.35  1.16  0.76
 
   N2, Dark  ––  ––  –– 
(C) 2H
+
 + 2e
– 
= 2H2 
   O2, Light  ––  ––  –– −0.24
 
   O2, Dark  ––  ––  –– 
   N2, Light  −0.25  ––  ––
 
   N2, Dark  −0.26  ––  –– 
(D) 4H
+
 + O2 + 4e
– 
= 2H2O      0.99 
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Fig. 10. The time course of dissolved O2 concentrations during the photoirradiation test on 
TiO2. UV–visible light and FeCl3·6H2O (2.31 mmol L
−1
) were used as excitation light and a 
sacrificial reagent, respectively. The initial pH value was 2.0. 
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Fig. 11. Absorbance at 515 nm for standard mixed solutions as a function of the concentration 
of HClO standard solutions. 
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Chapter 4 Recyclable Photofuel cell for use of acidic 
water as a medium. 
 
4-1 Introduction 
Recently, a new device was demonstrated: a photofuel cell (PFC) utilizing two 
photocatalysts of TiO2 and silver(0/I)-doped TiO2 [1] on an electrode film, both immersed in 
acidic solutions separated by a proton-conducting polymer (PCP) film [2]. Platinum is not 
used [3–11], and only inexpensive materials were used in the PFC for sustainability. The PFC 
is similar to photoelectrochemical cells (PECs) consisting of a photoanode and a 
photocathode to form O2 and H2, respectively, from water [12,13] and also PECs consisting of 
a photoanode to oxidize water [14] or organic dye fuel [15] and a photocathode to reduce 
protons. The PFC is different from these PECs in that the medium, water, is recycled in the 
cell and no fuel is needed except for natural light [16]. 
 
4-2 Experimental section 
4-2-1 Sample preparation of the photoelectrodes 
TiO2 powder [1.00 g; P25, Degussa; anatase/rutile phases = 7/3; Brunauer-Emmett-
Teller (BET) surface area (SBET) = 60 m
2
 g
−1
] was suspended in 3.0 mL of deionized water 
(<0.06 S cm−1) and then stirred well. The obtained suspension was dried at 373 K for 24 h 
and heated in air at 673 K for 2 h. The resultant powder was suspended in 75 L of deionized 
water and placed on an indium tin oxide (ITO, thickness 1.2–1.6 m)-coated Pyrex glass plate. 
The TiO2/ITO/Pyrex was dried at 373 K for 18 h and heated in air at 573 K for 30 min. The 
amount of TiO2 deposited on the ITO-coated glass plate was 5.0 mg and covered an area of 
1.3 cm
2
. 
Silver nitrate (159 mg; 99.8%, Wako Pure Chemicals) was dissolved in 10 mL of 
deionized water. The solution was mixed with 3.33 g of untreated TiO2 (P25). The mixture 
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was magnetically stirred at a rate of 850 rotations per minute (rpm) and the water was distilled 
at 353 K. The obtained powder was dried at 373 K for 24 h and heated in air at 673 K for 2 h. 
The resultant Ag-TiO2 powders contained 3.0 wt% of Ag. They were suspended in a 
minimum amount of water and placed on ITO-coated glass (Ag-TiO2/ITO/Pyrex) in a manner 
similar to that for the TiO2/ITO/Pyrex. 
 
4-2-2 Photocurrent tests 
4-2-2-1 Test 1: gas-flow conditions 
TiO2/ITO/Pyrex and Ag-TiO2/ITO/Pyrex electrodes were immersed in HCl solutions (40 
mL in each compartment; initial pH 4.0–2.0). The two compartments were separated by a 50-
m-thick PCP film (Nafion, DuPont; acid capacity > 9.2 × 10−4 equivalent g−1). N2 (purity > 
99.999%) and O2 gases (purity > 99.6%) were bubbled 30 mm away from each 
photoelectrode at a flow rate of 100 mL min
−1
 (Figure 1A). The PFC was equipped with 
quartz windows ( = 80 mm) on both sides. Both the TiO2 and Ag-TiO2 photocatalysts were 
irradiated with UV–visible light through the quartz windows using a two-way branched quartz 
fiber light guide (Model 5-2B-1000L, San-ei Electric Co.) from a 500-W xenon arc lamp 
(Model SX-UID502XAM, Ushio). The distance between the light exit ( = 5 mm) and the 
TiO2 or Ag-TiO2 film was 46 mm. The light intensity was 8 mW cm
−2
 at the center of the 
photocatalyst film on each electrode. 
 
4-2-2-2 Test 2: gas-closed conditions 
Photofuel cells comprising TiO2/ITO/Pyrex and Ag-TiO2/ITO/Pyrex electrodes were 
prepared and immersed in HCl solutions (40 mL in each compartment; initial pH 2.0) in a 
similar procedure to that in Test 1. The two compartments were separated by a 50-m-thick 
PCP film. N2 and O2 gases purged the compartments of TiO2/ITO/Pyrex and Ag-
TiO2/ITO/Pyrex, but the gas supply was stopped before the start of Test 2. Both the TiO2 and 
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Ag-TiO2 photocatalysts were irradiated with UV–visible light in the closed compartments 
filled with N2 and O2, respectively. 
 
4-2-2-3 Test 3: gas-circulating conditions inside the PFC 
An Ag-TiO2/ITO/Pyrex electrode was immersed in 50 mL of HCl solution (initial pH 
2.0), whilst TiO2/ITO/Pyrex was immersed in 50 mL of the HCl solution phase (initial pH 
2.0) and 50 mL of hexane phase was added above the HCl solution phase (Figure 1). All the 
area of the TiO2 film was immersed in the HCl solution phase and not in contact with the 
hexane phase. N2 and O2 gases purged the compartments of TiO2/ITO/Pyrex and Ag-
TiO2/ITO/Pyrex, respectively, but the gas supply was stopped before the start of Test 3. Both 
the TiO2 and Ag-TiO2 photocatalysts were irradiated with UV–visible light, set in the closed 
compartments filled with N2 and O2, respectively. The two compartments were separated by a 
50-m-thick PCP film; however, in Test 3, gas circulation inside the PFC was enabled 
through a vent hole (6.0 mm × 3.0 mm) in the upper part of the PCP film (Figures 1A, B4, 
and B5) from the anode compartment in which O2 was formed to the cathode compartment in 
which O2 was consumed. The conditions of UV–visible light irradiation were similar to those 
for Tests 1 and 2 (Table 1). 
 
4-2-2-4 Test 4: gas-closed conditions plus hexane@anode 
An Ag–TiO2/ITO/Pyrex electrode was immersed in 55 mL of HCl solution (initial pH 
2.0), whilst TiO2/ITO/Pyrex was immersed in 55 mL of the HCl solution phase (initial pH 
2.0) and 55 mL of the hexane phase above the HCl solution phase (Figure 1). All the area of 
the TiO2 film was immersed in the HCl solution phase and not in contact with the hexane 
phase. N2 and O2 gases purged the compartments of TiO2/ITO/Pyrex and Ag-TiO2/ITO/Pyrex, 
respectively, but the gas supply was stopped before the start of Test 4. Both the TiO2 and Ag-
TiO2 photocatalysts were irradiated with UV–visible light, set in the closed compartments 
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filled with N2 and O2, respectively. The two compartments were separated by a 50-m-thick 
PCP film. The film was complete and did not comprise any vent holes as in Test 3. The 
conditions of UV–visible light irradiation were similar to those for Tests 1–3 (Table 1). 
 
4-2-2-5 Test 5: gas-circulating conditions inside the PFC minus hexane@anode 
An Ag–TiO2/ITO/Pyrex electrode was immersed in 40 mL of HCl solution (initial pH 
2.0), whilst TiO2/ITO/Pyrex was immersed in 40 mL of the HCl solution phase (initial pH 
2.0). N2 and O2 gases purged the compartments of TiO2/ITO/Pyrex and Ag-TiO2/ITO/Pyrex, 
respectively, but the gas supply was stopped before the start of Test 5. Both the TiO2 and Ag-
TiO2 photocatalysts were irradiated with UV–visible light, set in the closed compartments 
filled with N2 and O2, respectively. The two compartments were separated by a 50-m-thick 
PCP film. The conditions of UV–visible light irradiation were similar to those for Tests 1–4. 
This PFC had a vent hole (6.0 mm × 3.0 mm) in the upper part of the PCP film (Figures 1A, 
B4, and B5) similar to Test 3 (Table 1). 
For Tests 1–5, photocurrent generation (photocurrent tests) was performed by connecting 
the external parallel circuit for one route via a voltmeter and another route via an ammeter 
with a resistance of 0.5 Ω (Figure 1A). Both catalysts were exposed for 30 min to UV–visible 
light and then kept in the dark for 30 min, and this process was repeated five–seven times. 
The current and voltage between the two electrodes were monitored. 
Table 1. The conditions for current tests of the PFC 
Test  N2/O2 supply Hexane@anode Vent hole@PCP film 
1  ○  ×  × 
2  ×  ×  × 
3  ×  ○  ○ 
4  ×  ○  × 
5  ×  ×  ○ 
 55 
 
4-2-3 Current–voltage dependence tests 
The current (i)–voltage (V) characteristics were also measured for several types of PFCs 
using a similar parallel circuit (Figure 1A). After the photocurrent test for Figure 2 (2.5, 3.5 
and 3.5 h of irradiation of UV–visible light for Tests 1, 2 and 4, respectively), the resistance 
was gradually decreased from 500 kΩ to 0.3 Ω over 20 min to plot the i–V dependence. For 
comparison, a PFC in the conditions of Test 1 (section 1-2-1) was also prepared and i–V 
characteristics were also measured similar to the experiments described above, but in 
darkness. 
 
4-3 Results and discussion 
4-3-1 Photocurrent tests 
The time courses of the photocurrent tests are summarized in Figure 2. For Test 1, in 
response to the UV–visible irradiation, photocurrents gradually increased from 43.7 to 60.5 
A in five cycles at pH 2.0. In contrast, the photocurrents increased and converged to a 
constant value (26.7 A) in the test at pH 3.0 (not shown) [2]. Thus, the active metallic Ag0 
species for photoreduction of O2 at the cathode should gradually increase, transformed from 
Ag2O by the reaction with protons, in the five cycles at pH 2.0. The transformation of the 
active Ag species (Ag
0
, Ag2O and AgCl) was reported based on an extended X-ray absorption 
fine-structure study [2]. 
At pH 4.0, a PFC current of 3 A was obtained (not shown) for 2.5 h irradiated by UV-
visible light (0.28 mol-e− generated in total) [2]. The pH values starting from 4.0 for the HCl 
solution (40 mL, 4.0 mol-H+) remained constant after the PFC test at both the anode and 
cathode. The pH change due to each half reaction was calculated as ±0.03. As this value is 
nearly the accuracy of pH monitoring under these conditions, we cannot judge that the 
photooxidation of water (at the anode) and photoreduction of O2 (at the cathode) exclusively 
 56 
took place. The possibility of a by-reaction, e.g. the consumption of acid, remained. For the 
test at pH 2.0, the initial proton concentration was 400 mol in 40 mL of electrolyte solution 
at both the anode and cathode, while the PFC current for 2.5 h was 4.7 mol-e− in total. The 
pH change due to each half reaction is calculated as ±0.005. It was even more difficult to 
judge the possibility of photooxidation of water and/or anions of acid under the conditions. 
In Test 2, the photocurrent in the first cycle (34.7 A) was similar to that in Test 1 (43.7 
A). In response to the UV–visible irradiation, photocurrents gradually increased to 35.8 A 
in three cycles. In contrast to the gradual increase in photocurrents throughout 5 h of the study 
in Test 1, the photocurrents peaked at 35.8 A in the third cycle and gradually decreased to 
32.2 A in the seventh cycle in Test 2 (Figure 2). This decrease by 3.6 A suggested partial 
deactivation of the TiO2 photocatalyst at the anode. One of the major reasons is the reverse 
reaction of produced O2 which remained dissolved in the HCl solution to water (equation 1). 
In contrast to the gas-flowing Test 1, the anode compartment of TiO2/ITO/Pyrex was purged 
with N2 gas and produced O2 remained in the compartment for Test 2 (Table 1). 
In Test 3, the photocurrent in the first cycle (54.8–40.3 A) was clearly higher than that 
in Tests 1 and 2. The photocurrent decreased to 36.5 A at the end of the second cycle (Figure 
2) and continued to decrease gradually to 31.0 A at the end of the seventh cycle. The higher 
photocurrents in the first cycle were probably because N2 was purged in the anode 
compartment more completely than in Tests 1 and 2 by the effect of hexane to preferably 
dissolve a contamination level of O2 (~0.04 ppb). This evaluation was based on the impurity 
of O2 (< 1 ppm) in the N2 gas used and the equilibrium of dissolution. Conversely, the 
decrease in the photocurrent in seven cycles suggested an even smaller amount of formed O2 
remained in the anode and inhibited the PFC performance considerably, and also unexpected 
reverse diffusion of O2 from the cathode into the anode was not excluded through the vent 
hole. 
In Test 4, the photocurrent in the first cycle (69.7 A) was clearly higher than that in 
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Tests 1–3. However, in response to the UV–visible irradiation, photocurrents gradually 
decreased to 51.9 A in seven cycles (Figure 2). The photocurrent in Test 4 was always 
higher than that in Tests 2 and 3 throughout the photocurrent test. Thus, the positive effects of 
hexane on PFCs were confirmed (Table 1), but unexpectedly, the vent hole in Test 3 
contributed negatively to the photocurrent generation. Furthermore, the linear decrease of the 
photocurrent as a function of time that elapsed during Test 4 was more gradual than the 
exponential-like decrease as a function of time in Test 3. 
In Test 5, the photocurrent in the first cycle (41.0–33.0 A) was similar to that in Test 2 
(Figure 2). Then, it decreased to 29.2 A in the second cycle. Later than the third cycle, the 
photocurrents became stable at 28.4 A. This stabilized current was lowest among the Tests 
1–5, as the result of produced O2 which remained dissolved in the HCl solution to water, and 
the unexpected reverse diffusion of O2 in the cathode into the anode through the vent hole, as 
in Test 3 (Table 1). 
In Test 2, 1.11 mol of O2 were generated during the 7-h photocurrent test based on the 
total photocurrent for 3.5 h and assuming the next reaction (equation 1 is the reverse reaction 
of equation 4) 
2H2O + 4h
+
 → O2 + 4H
+
     (4). 
All of them were dissolved in the anode electrolyte based on the O2 solubility. Thus, the O2 
concentration in the anode electrolyte was 27.8 mol L−1. On the other hand, in Test 4, 2.01 
mol of O2 were generated after the 7-h photocurrent test based on the total photocurrent for 
3.5 h and assuming reaction 4. In this test, the O2 should be distributed between the HCl 
solution and hexane. Based on the O2 solubility values in the literature to hydrochloric acid 
solution (1.27 mmol L
−1
) and to hexane (15.0 mmol L
−1
) [17], the distribution of O2 to hexane 
was calculated as 
0.055 L´15 mmol L-1
0.055 L´1.27 mmol L-1 +0.055 L´15 mmol L-1
= 0.922     (5). 
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Thus, 1.85 and 0.157 mol of O2 should be distributed to the hexane and HCl solutions, 
respectively, in equilibrium. Thus, the O2 concentration in the anode electrolyte (HCl 
solution) was calculated as 2.85 mol L−1. Hence, the O2 concentration at the end of Test 4 
was only 10% of that at the end of Test 2. This difference accounted for the higher current 
density in Test 4 by a factor of two as compared with Test 2 (Figure 2). 
 
4-3-2 Current-voltage characteristic tests 
The obtained i–V characteristics are shown in Figure 3. Furthermore, the properties of 
PFCs calculated based on i–V data in Tests 1, 2 and 4 are summarized in Table 2. In Test 1, 
the i value gradually increased as the cell voltage decreased, starting from open circuit voltage 
(VOC) at 1.59 V, which is a similar trend to the i–V dependence of the SCs [18] or the Ohmic 
loss region of a polymer electrolyte FC (PEFC). When the voltage became less than 0.45 V, 
the current increased linearly from 20 to 74 A (short-circuit current, ISC). This increasing 
trend was different from that in a SC or the transportation limit region of a PEFC [5,6]. 
In Test 2, the shape of the i–V characteristic curve was similar to that for Test 1. 
However, the increase in currents in the lower voltage region (≥ 0.45 V) was less steep than 
the slope in Test 1. The values of ISC (29.8 A), VOC (1.23 V) and PMAX (5.51 W) were 40, 
77 and 39% of the corresponding values obtained in Test 1. The lower photocurrents in Test 2 
suggested that the reverse reaction 1 that occurred in the anode seriously affected the 
performance of the PFC. 
In Test 4, the curve of i–V characteristics was similar to that for Test 2; the increase in 
photocurrents in the low-voltage region (≥ 0.45 V) was less steep than the slope in Test 1. The 
values of ISC (29.2 A) and VOC (1.18 V) were slightly lower than the corresponding values in 
Test 2, whilst the value of PMAX (6.10 W) was clearly higher than that in Test 2 (5.51 W). 
This low performance (Figure 3) was inconsistent with the better performance in photocurrent 
Test 4 than that in Tests 1 and 2 (Figure 2). This trend cannot be rationalized based on the 
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remaining amount of produced O2 dissolved in the anode. One of the possibilities is the 
polarization of photoelectrodes during the i–V measurements at high voltage to modify the 
band bending (charge balance at the surface) at the surface of photocatalysts [19–23]. 
In a control Test 1’ in darkness, the value of the current was always less than the 
detection limit by changing the resistance from 500 kΩ to 0.3 Ω. The corresponding voltage 
was less than 0.002 V. Therefore, the values of ISC, VOC and PMAX were less than 0.1 A, 
0.002 V and 0.0002 W, respectively. This indicated electricity of the PFC was generated 
exclusively by irradiation with UV-visible light. 
 
Table 2. PFC characteristics defined by i-V characteristics in Tests 1 (gas flow), 2 (gas closed), and 3 
(gas circulating inside the PFC) 
Test     ISC (A) VOC (V) PMAX (W) 
1 (Gas flow)    73.7 1.59 14.0 
2 (Gas closed)    29.8 1.23 5.5 
4 (Gas-closed conditions plus hexane@anode) 29.2 1.18 6.1 
1’ (Gas flow; Control in darkness)  < 0.1 < 0.002 < 0.0002 
 
 
4-4 Conclusions 
Gas trapping was enabled by accommodating an organic solvent layer over the aqueous 
electrolyte solution phase in the anode and utilizing the solubility difference of produced O2. 
However, gas circulation by a vent hole in the upper part of the PCP film due to pressure 
differences was not well achieved. To transfer generated O2 to an anode, a greater pressure 
difference was needed. The performance of the gas-closed PFC equipped with a hexane layer 
on the anode (Test 4) was the best at the initial stage of the photocurrent test due to the O2 
solubility effect of hexane rather than the other conditions. However, the photocurrents 
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gradually decreased during the measurements for 7 h. The small amount of remaining O2 in 
the anode electrolyte (2.85 mol L−1) reduced the PFC performance considerably in Test 4. 
The ISC, VOC and PMAX values of the gas-circulating PFC were 29.2 A (22.5 A cm
−2
), 1.18 
V and 6.10 W (4.69 W cm−2), respectively. These values were similar to corresponding 
values for the gas-closed PFC. 
The feasibility of a gas-trapping PFC was successfully demonstrated in this study. 
Further, the improvement of power efficiency is required by the optimization of 
photocatalysts and the thickness and density of photocatalyst layers in order to be 
accommodated in portable electronic devices, remote-control light gliders, and environmental 
cameras/sensors. 
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Fig. 1. (A) Components of the PFC comprising TiO2 and Ag–TiO2 photocatalysts used for Tests 1–5. 
Oxidation by photogenerated holes at the anode and reduction by photogenerated electrons take place. 
Remaining electrons at the anode flow to the cathode and combine with the remaining holes. (B) 
Photographs of the PFC for Test 3 (1). Photoanode side (2), photocathode side (3), and the PCP with a 
vent hole (4, 5) 
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Fig. 2. The time course of photocurrents of the PFC comprising TiO2 and Ag-TiO2 photocatalysts in 
Tests 1 (gas flow), 2 (gas closed), 3 (gas circulating inside the PFC), 4 (gas-closed conditions plus 
hexane@anode), and 5 (gas-circulating conditions inside the PFC minus hexane@anode). The pH 
values of the electrolytes in both the anode and cathode were 2.0. 
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Fig. 3. i–V characteristics of the PFC comprising TiO2 and Ag-TiO2 photocatalysts in Tests 1 (gas 
flow), 2 (gas closed), 4 (gas-closed conditions plus hexane@anode), and control Test 1’ in darkness 
(gas flow). 
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Chapter 5 Improvement in electrode of PFC 
5-1 Introduction 
       PFC and recyclable PFC were developed. However the performances of these PFCs were 
low. Especially, the cell resistances (Rseries) were high (35 kcm
2
) to compare with DSSC 
(<1 Ω cm2). This extensive resistance degraded PFC performance. And this extensive 
resistance was attributable mainly to rough contacts between catalyst and substrate and 
contacts between catalysts. Moreover in a PFC comprising TiO2 and BiOCl catalyst, catalysts 
particle boundary gained cell resistance [1]. Then we tried to combine catalyst and electrode 
substrate or to contact tightly and effectively between catalyst and electrode substrate. To 
combine catalyst and electrodes we used conductive mesh [2,3] (Ti-mesh and Ag mesh) 
substrates. The constituent elements of metal mesh substrates were same as catalyst TiO2 and 
Ag-TiO2. Therefore, by calcine the substrates and catalysts were combined. To contact tightly 
and effectively, we tried mono dispersed catalysts. By control dispersion paste utilizing 
organic liquid and polymer binder, catalysts could keep mono or high dispersed and could 
tightly and efficiently contact with substrates. 
 
5-2 Experimental section 
5-2-1 Synthesis of photo catalysts  
TiO2 
TiO2 powder (1.00 g; P25, Degussa; anatase/rutile phases = 7/3; specific surface area 60 
m
2
 g
−1
) was suspended in 3.0 mL of deionized water (< 0.06 S cm−1) and then stirred well. 
The suspension obtained was dried at 373 K for 24 h and heated in air at 673 K for 2 h. 
 
Ag-TiO2 
Silver nitrate (159 mg; 99.8%, Wako Pure Chemicals) was dissolved in 10 mL of 
deionized water. The solution was mixed with 3.33 g of untreated TiO2 (P25). The mixture 
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was magnetically stirred at a rate of 850 rpm and the water was distilled at 353 K. The 
obtained powder was dried at 373 K for 24 h and heated in air at 673 K for 2 h. The obtained 
Ag-TiO2 powders contained 3.0 wt% of Ag. 
 
5-2-2 Synthesis photoelectrode 
TiO2 (Ag-TiO2)/ITO/Pyrex 
The TiO2 (Ag-TiO2) was suspended in 75 L of deionized water and placed on an 
indium tin oxide (ITO, thickness 1.2–1.6 m)-coated Pyrex glass plate. The TiO2/ITO/Pyrex 
was dried at 373 K for 18 h and heated in air at 573 K for 30 min. The amount of TiO2 
deposited on the ITO-coated glass plate was 5.0 mg and covered an area of 1.3 cm
2
. 
 
TiO2 (Ag-TiO2)/Ag-mesh 
TiO2 (or Ag-TiO2) 5 mg was suspended in 0.025 mL methanol and coated on Ag mesh 
(40 mesh, φ = 0.35 mm). Then, TiO2 (Ag-TiO2)/Ti-mesh dried at 375 K and calcined at 575 K 
for 30 min. The amount of TiO2 (or Ag-TiO2) placed on Ti-mesh was 5.0 mg, and the area 
covered was 1.3 cm
2
. 
 
TiO2 (Ag-TiO2)/Ti-mesh 
TiO2 (or Ag-TiO2) 5 mg was suspended in 0.025 mL methanol and coated on Ag mesh 
(40 mesh, φ = 0.35 mm). Then, TiO2 (Ag-TiO2)/Ti-mesh dried at 375 K and calcined at 575 K 
for 30 min. The amount of TiO2 (or Ag-TiO2) placed on Ti-mesh was 5.0 mg, and the area 
covered was 1.3 cm
2
. 
 
Mono dispersed TiO2/ITO/Pyrex 
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Mono dispersed TiO2 paste (Peccell technologies) placed on ITO-coated glass. The 
TiO2/ITO/Pyrex was dried at 373 K for 18 h and heated in air at 573 K for 30 min. The 
amount of TiO2 placed on ITO-coated glass was 2.5 mg, and the area covered was 1.3 cm
2
. 
 
Mono dispersed Ag-TiO2/ITO/Pyrex 
PEG 20000 62.5 mg were dissolved t-butanol 2.441 mL and HCl (pH = 4.0) 0.84 mL 
mixed solution. Then added Ag-TiO2 450.7 mg and string 1200 rpm for 24 h. Obtained paste 
placed on ITO-coated glass. The TiO2/ITO/Pyrex was dried at 373 K for 18 h and heated in 
air at 573 K for 30 min. The amount of TiO2 placed on ITO-coated glass was 2.5 mg, and the 
area covered was 1.3 cm
2
. 
 
5-2-3 PFC and photoelectrode test 
5-2-3-1 Photocurrent test 
Two electrodes were immersed in HCl solutions (40 mL on each compartment; initial pH 
values between 2.0 and 4.0). The two compartments were separated by a 50 m-thick PCP 
film (Nafion, Dupont; acid capacity > 9.2 × 10
−4
 equivalent g
−1
). N2 and O2 gas were bubbled 
at 30 mm apart from each photoelectrode at a flow rate of 100 mL min
−1
 (Graphical abstract). 
The PFC was equipped with quartz windows ( = 80 cm) on both sides. Both or (Either) 
photocatalysts were irradiated by UV-visible light through quartz windows via two-way 
branched quartz fiber light guide (5–2B–1000L, San-ei Electric Co.) from 500-W xenon arc 
lamp (Ushio, Model SX-UID502XAM). The distance between the light exit ( = 5 mm) and 
TiO2 or Ag-TiO2 film was 46 mm. The light intensity was 8 mW cm
−2
 at the center of the 
photocatalyst film on electrodes.  
Static photocurrent generation tests were performed by connecting a external parallel 
circuit of a voltmeter, an ammeter, and a resistance of 0.5 Ω. A 30 min cycle of UV-visible 
light irradiation and 30 min of darkness was repeated on both photocatalysts, typically five 
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times. The voltage between two electrodes and the current were monitored. The combination 
of two electrodes is summarized in Table 1 
And, also we tested PFC irradiated to only either photocatalyst. The apparatus of PFC and 
light source are same as the PFC irradiated to both photocatalysts. The static photocurrent 
generation tests were performed by connecting a external parallel circuit of a voltmeter, an 
ammeter, and a resistance of 0.5 Ω. The irradiation and not-irradiation sequence is 
summarized in Scheme 1. This sequence was repeated three times. The voltage between two 
electrodes and the current were monitored. The combination of electrodes is summarized in 
Table 2. 
 
5-2-3-2 Current–voltage characteristics  
The i–V dependence was also measured using a similar parallel circuit. After the 
photocurrent test, the resistance was gradually decreased from 500 kΩ to 0.3 Ω over 20 min to 
plot the i–V dependence. 
 
5-3 Results and discussion 
5-3-1 PFC irradiated only either electrode 
Photocurrent test  
To compare the PFC with irradiation to both electrodes, the photocurrents was 
decreased in PFC irradiated only either electrode. The decrease was slightly in the case of 
PFC with irradiation to only an anode. On the other hand, the decrease was significant in the 
case of PFC with irradiation to only a cathode. 
In the PFC with irradiation to only a cathode, the value photocurrent was 8.3 A at first 
cycle. The photocurrent was slightly decreased from 8.3 to 6.3 A. This decrease showed 
relaxation of photoreaction caused by turning of UV-visible light to an anode. The 
photocurrent was increased from 6.3 to 10.8 A as the number of cycle was increased (Fig 1 
green area). This trend was similar to that in PFC with irradiation to both electrodes. This 
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increase resulted from reduction of Ag species during UV-visible irradiations. 
In the PFC with irradiation to only a cathode, the value of photocurrent was 45.2 A at 
first cycle. The photocurrent was slightly decreased from 45.2 to 45.5 A. And, the 
photocurrent was increased from 45.5 to 61.0 A in three cycles (Fig 1 yellow area). This 
trend was also similar to that in PFC with irradiation to both electrodes. This increase resulted 
from reduction of Ag species during UV-visible irradiations. 
 
Current-Voltage characteristics 
The current-voltage curve of the PFC with irradiation to only an anode and that of PFC 
with irradiation to only a cathode are different with each other.  
In the PFC with irradiation to only a cathode, the current-voltage curve was similar to 
that of DSSC. The value of short circuit current was 15.0 A (Table.4, Fig.2 Entry 9). To 
compare PFC with irradiation to both electrode (Table.4, Fig. 2 Entry 7; ISC: 73.7 mA, VOC: 
1.59 V), this value was significantly little. And the value of open circuit voltage was 1.28 V 
(Fig.2 Entry 9). To compare PFC with irradiation to both electrodes, this value also was 
slightly little.  
In the PFC with irradiation to only an anode the current-voltage curve was almost 
straight line. The value of short circuit current was 62.0 A (Table.4, Fig.2 Entry 8). To 
compare PFC with irradiation to both electrodes (Table.4, Fig. 2 Entry 7; ISC: 73.7 mA, VOC: 
1.59 V), this value was slightly little. And the value of open circuit voltage was 0.547 V 
(Fig.2 Entry 8). To compare PFC with irradiation to both electrode, this value was 
significantly little. These trends of PFC with irradiation to only an anode were directly 
opposite of these trends of PFC with irradiation to only a cathode. 
 
In this way, the current-voltage curve of the PFC with anode irradiation and that of PFC 
with cathode irradiation are different with each other however a sum of these current-voltage 
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curves was similar to that of PFC with both irradiations (Fig.2). This similarity indicated there 
are two electrons flows during electricity generation of PFC. One flow was occurred by UV-
visible irradiation to an anode. And, the other flow was occurred by UV-visible irradiation to 
a cathode.  
The electrons flow by anode irradiation was translation of excited electrons at anode to 
cathode Ag2O in Ag-TiO2 (Scheme 1A). The difference energy of excited electron at anode 
(CB in TiO2) and energy of Ag redox potential (Ag
+
 + e
-
 → Ag
0
,  E
0 
= 0.799 V vs SHE) was 
small (Scheme 1A). Therefore, the VOC value of PFC with anode irradiation was smaller than 
that of PFC with cathode irradiation. Besides, excited electrons were likely to be supplied 
because of UV-visible irradiation.  Therefore, the ISC and photocurrent values of PFCs with 
anode irradiation were larger than that of PFC with cathode irradiation. 
The other electrons flow by cathode irradiation was translation of carrier electrons at 
anode to cathode holes in Ag-TiO2 (Scheme 1B). The difference energy of excited electron at 
anode (CB in TiO2) and energy of cathode holes (VB in Ag-TiO2) is large (Scheme 1B). 
Therefore, the VOC value of PFC with cathode irradiation was larger than that of PFC with 
anode irradiation. Besides, carrier electrons in TiO2 were a little. Therefore, the ISC and 
photocurrent values of PFCs with cathode irradiation were smaller than that of PFC with 
anode irradiation. 
And also there was electrons flow that occurred by irradiation to both electrodes. The 
electrons flow was translation of excited electrons at anode to cathode holes in Ag-TiO2 
(Scheme 1C). However, this electrons flow was miner. 
 
5-3-2 Effects of metal mesh substrates 
Photocurrents test 
 In entry 2, the value photocurrent was 97.3 A at first cycle. The photocurrent was 
increased quickly from 97.3 to 126.7 A. The photocurrent was increased from 126.7 to 183.0 
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A as the number of cycle was increased (Fig. 3a Entry 2). This trend was common to in 
entry 1. These increases in entry 1 and 2 were caused by Ag2O reduction in the cathode Ag-
TiO2. And, this trend was sharper than that in entry 1.  Therefore, in entry 1, cathode Ag-mesh 
substrate could act as Ag2O in Ag-TiO2. In entry 2, photocurrent was 2.1 – 2.9 times as much 
as that in entry 1 (Fig. 3a Entry 1, 2). 
In entry 3, the value photocurrent was 113.0 A at first cycle. The photocurrent was 
increased from 113.0 to 129.0 A. The photocurrent kept between 129.0 to 141.0 A in 2nd – 
5th cycles (Fig. 3a Entry 3). The increases caused by Ag2O reduction in the cathode Ag-TiO2 
was appeared only 1-2 cycles. In entry 3, photocurrent was 2.3 – 3.0 times as much as that in 
entry 1 (Fig. 3a Entry 1, 3). 
In entry 4, the value photocurrent was 4.7 A at first cycle. The photocurrent was 
increased from 4.7 to 6.5 A. The photocurrent kept between 6.3 to 7.0 A in 2nd – 5th 
cycles (Fig 3b Entry 4). The increases caused by Ag2O reduction in the cathode Ag-TiO2 was 
appeared only between 1st cycle and 2nd cycle. In entry 4, photocurrent was very poor. The 
value of photocurrent was 0.11 – 0.15 times as much as that in entry 1. (Fig. 3a Entry 1, 3b 
Entry 4). 
In entry 5, the value photocurrent was 6.2 A at first cycle. However the photocurrent 
was increased from 6.2 to 8.3 A. The photocurrent increased between 1st and 2nd cycle, 
between 2nd and 3rd cycle photocurrent decrease. The photocurrent kept between 5.7 to 7.4 
A in 3nd – 5th cycles (Fig. 3b Entry 5). In entry 5, photocurrent was also very poor. The 
value of photocurrent was 0.14 – 0.16 times as much as that in entry 1 (Fig. 3a Entry 1, 3b 
Entry 5). 
 
Current-voltage characteristics 
The current-voltage curves in entry 10 and 11 were common in that ISC values were 
high (92.9 and 112 A respectively), and VOC values were low (0.656 V and 0.654 V 
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respectively) (Table.5, Fig.4. Entry 10, 11). These current-voltage curves were similar to PFC 
with only anode irradiation (Fig.2 Entry 9). Therefore the electrons flows in entry 10 and 11 
were similar to that in entry 9 (scheme. 1A). The cathode substrates were metal-mesh in entry 
10 and 11. A part of these metal-meshes were oxidized during calcination. The excited 
electrons translated from anode TiO2 to not cathode holes but metal-mesh and reduced 
oxidized metal mesh. Therefore, VOC values were low. Besides, oxidized metal mesh acted as 
Ag2O in cathode Ag-TiO2 in entry 9. In fact, the apparent amounts of Ag species were 
increase in entry 10 and 11. Then, photocurrents and ISC values was increased to compare in 
entry 7. (Scheme 2A) 
The current-voltage curves in entry 12 and 13 were common in that ISC values were low 
(9.2 and 5.0 A respectively), and VOC values were middle (1.11 V and 0.833 V respectively) 
(Table.5, Fig.4. Entry 12, 13). These current-voltage curves were similar to PFC with only 
cathode irradiation (Fig 2 Entry 8). Therefore the electrons flows in entry 10 and 11 were 
similar to that in entry 8 (scheme. 1A). The cathode substrates were metal-mesh in entry 10 
and 11. A part of these metal-meshes were oxidized during calcination. The excited electrons 
translated from anode TiO2 were trapped in oxidized metal-mesh (Scheme 2B). Therefore, ISC 
values were low.  
 
5-3-3 Effects of monodispersed catalysts  
Photocurrents test 
The photocurrent value of the PFC comprising two monodispersed catalysts (Entry 6) 
was 50.0 A at first cycle. The photocurrent was increase from 50.0 A to 65.8 A during the 
first cycle. In five cycles, the photocurrent continued increasing. At the end of fifth cycle, the 
value of photocurrent was 88.1 A. The photocurrent was 24 – 45% higher than that of PFC 
comprising without mono dispersion (Entry 1) in five cycles. And also the increases during 
UV-visible irradiation were more extensive than that of Entry 1 (Fig. 5). This indicated the 
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excited electrons were easy to cathode catalyst by catalysts mono dispersion. The mono 
dispersed catalysts have large surface – substrate interface and surface – electrolyte (Fig. 6). 
Therefore, the excited electrons were easy to cathode catalyst. Then, the photocurrents were 
higher than that of PFC without catalysts mono dispersion. 
Current-voltage characteristics 
The current-voltage curves in the PFC comprising two mono dispersed photocatalysts, 
ISC values were high 94.2 A and VOC values were slightly low 1.38 V (Table.6, Fig 7. Entry 
7, 14). These current-voltage curves were similar to that of PFC without catalysts mono 
dispersion. The only excited electrons translation from anode to cathode Ag2O in Ag-TiO2 
(Scheme 1A) became easy by catalysts mono dispersion. Therefore the value of VOC stayed 
almost constant however the value of ISC were high by catalysts mono dispersion. 
 
5-4 Conclusions 
           The PFC had two major electrons flow.  One was excited electrons translation from CB 
at an anode to cathode Ag2O in Ag-TiO2 that caused by irradiation to an anode. The electrical 
motive force of this electrons translation was low (0.547 V). The other was carrier electrons 
translation from at an anode to cathode holes in Ag-TiO2, and it caused by irradiation to a 
cathode. The electrical motive force of this electrons translation was high (1.28 V).  The 
expected electron translation from CB at an anode to cathode hole at a cathode that caused by 
both electrodes irradiations was miner. 
           Total improvement didn’t perform with PFC comprising metal-mesh substrate. The 
metal-mesh was oxidized during calcine. A part of oxidized metal mesh trapped electrons. 
Therefore, PFC had metal-mesh substrates worked as PFC with irradiated only either 
electrode.  
           To mono disperse catalysts on electrodes, catalysts had large surface – substrate 
interface and surface – electrolyte. Therefore, the excited electrons were easy to cathode 
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catalyst. Then, the PFC improved in the photocurrents and ISC (88.1 and 94.1 A).  And the 
values of photocurrents increased 45% and 28% respectively by catalysts mono dispersion. 
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Table 1. The combinations of electrodes in Photocurrent test 
 
Entry Anode Cathode 
1 TiO2/ITO/Pyrex Ag-TiO2/ITO/Pyrex 
2 TiO2/ITO/Pyrex Ag-TiO2/Ag-mesh 
3 TiO2/ITO/Pyrex Ag-TiO2/Ti-mesh 
4 TiO2/Ag-mesh Ag-TiO2/ITO/Pyrex 
5 TiO2/Ti-mesh Ag-TiO2/ITO/Pyrex 
6 
mono dispersed 
TiO2/ITO/Pyrex 
mono dispersed 
 Ag-TiO2/ITO/Pyrex 
 
 
Table 2.  A irradiation sequence of PFC irradiated to only either photocatalyst 
 
Order Anode Cathode  Irradiation time (min) 
1 Light off Light off 5 
2 Light on Light on 5 
3 Light off Light on 5 
4 Light on Light on 5 
5 Light on Light off 5 
6 Light on Light on 5 
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Table 3. The combinations of electrodes and UV-visible irradiation  
in measurement of Current–voltage dependence 
Entry Anode Cathode UV-visible light 
7 TiO2/ITO/Pyrex Ag-TiO2/ITO/Pyrex Both 
8 TiO2/ITO/Pyrex Ag-TiO2/ITO/Pyrex Cathode only 
9 TiO2/ITO/Pyrex Ag-TiO2/ITO/Pyrex Anode only 
10 TiO2/ITO/Pyrex Ag-TiO2/Ag-mesh Both 
11 TiO2/ITO/Pyrex Ag-TiO2/Ti-mesh Both 
12 TiO2/Ag-mesh Ag-TiO2/ITO/Pyrex Both 
13 TiO2/Ti-mesh Ag-TiO2/ITO/Pyrex Both 
14 
mono dispersed 
TiO2/ITO/Pyrex 
mono dispersed 
 Ag-TiO2/ITO/Pyrex 
Both 
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Fig. 1. The time course of photocurrents in the PFC comprising TiO2/ITO/Pyrex and  
Ag-TiO2/ITO/Pyrex photocatalyst electrodes, which are immersed in HCl solution at pH of 
2.0. In purple area, both electrodes were under dark. In green area, a cathode was irradiated 
with UV-visible Light and an anode was in dark. In yellow area, an anode was irradiated with 
UV-visible Light and a cathode was in dark. In white area, both electrodes were irradiated 
with UV-visible Light 
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Fig. 2. The current – voltage characteristics in the PFC comprising TiO2/ITO/Pyrex and Ag-
TiO2/ITO/Pyrex photocatalyst electrodes, which are immersed in HCl solution at pH of 2.0. In 
entry 7, both electrodes were irradiated with UV-visible Light, circle (○). In entry 8, a cathode 
was irradiated with UV-visible Light and an anode was in dark, square (◊). In Entry 9, an 
anode was irradiated with UV-visible Light and a cathode was in dark, diamond (□). 
 
 
Table 4. Summary of The current – voltage characteristics in the PFC comprising 
TiO2/ITO/Pyrex and Ag-TiO2/ITO/Pyrex photocatalyst electrodes, which are immersed in 
HCl solution at pH of 2.0. In entry 7, both electrodes were irradiated with UV-visible Light. 
In entry 8, a cathode was irradiated with UV-visible Light and an anode was in dark. In Entry 
9, an anode was irradiated with UV-visible Light and a cathode was in dark.  
Entry Short circuit current (A) Open circuit voltage  (mV) 
Maximum power 
(W) 
7 73.7 1.59 14.0 
8 62.0 0.547 4.89 
9 15.0 1.28 8.57 
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Scheme 1. The energy diagram and electrons flow of PFC comprising two photocatalyst 
electrodes. Electrons flows are described as arrows.(A) PFC with anode irradiation. (B) PFC 
with cathode irradiation. (C) PFC with both electrodes irradiation. The electrons flow caused 
by both electrodes irradiation is described as an arrow. The others flow caused by either 
electrode irradiation were described as broken arrows. 
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Fig. 3. (a) The time course of photocurrents in the PFC comprising TiO2/ITO/Pyrex as an 
anode and Ag-TiO2/ITO/Pyrex as a cathode, Entry 1 circle (○); TiO2/ITO/Pyrex as an anode 
and Ag-TiO2/Ag-mesh as a cathode, Entry 2 square (□); TiO2/ITO/Pyrex as an anode and Ag-
TiO2/Ti-mesh as a cathode, Entry 3 diamond (◊); TiO2/Ag-mesh as an anode and Ag-
TiO2/ITO/Pyrex as a cathode, Entry 4 triangle (∆); TiO2/Ti-mesh as an anode and Ag-
TiO2/ITO/Pyrex as a cathode, Entry 5 x-mark (˟). (b) The extended figure of (a) at lower 
currents. 
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Fig. 4. The current-voltage characteristics in the PFC comprising TiO2/ITO/Pyrex as an anode 
and Ag-TiO2/ITO/Pyrex as a cathode, Entry 7 circle (○); TiO2/ITO/Pyrex as an anode and Ag-
TiO2/Ag-mesh as a cathode, Entry 10 square (□); TiO2/ITO/Pyrex as an anode and Ag-
TiO2/Ti-mesh as a cathode, Entry 11 diamond (◊); TiO2/Ag-mesh as an anode and Ag-
TiO2/ITO/Pyrex as a cathode, Entry 12 triangle (∆); TiO2/Ti-mesh as an anode and Ag-
TiO2/ITO/Pyrex as a cathode, Entry 13 x-mark (˟).  
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Table 5. The summary of current-voltage characteristics in the PFC comprising 
TiO2/ITO/Pyrex as an anode and Ag-TiO2/ITO/Pyrex as a cathode, Entry 7, TiO2/ITO/Pyrex 
as an anode and Ag-TiO2/Ag-mesh as a cathode; TiO2/ITO/Pyrex as an anode and Ag-
TiO2/Ti-mesh as a cathode, Entry 11; TiO2/Ag-mesh as an anode and Ag-TiO2/ITO/Pyrex as a 
cathode, Entry 12; TiO2/Ti-mesh as an anode and Ag-TiO2/ITO/Pyrex as a cathode, Entry 13.  
Entry 
Short circuit currents 
(A) 
Open circuit 
voltage  (mV) 
Maximum power (W) 
7 73.7 1.59 14.0 
10 93.2 0.687 18.4 
11 124 0.643 15.0 
12 10.4 1.15 3.46 
13 5.0 0.833 2.17 
  
 85 
 
Scheme 2. The energy diagram and electrons flow of PFC comprising two photocatalyst 
electrodes. Electrons flows are described as arrows.(A) PFC comprising TiO2/ITO/Pyrex as 
an anode and Ag-TiO2/metal-mesh as a cathode. (Entry 10 and 11) (B) PFC comprising 
TiO2/metal-mesh as an anode and Ag-TiO2/ITO/Pyrex as a cathode. (Entry 12 and 13)  
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Fig. 5.  The time course of photocurrents in the PFC comprising TiO2/ITO/Pyrex as an anode 
and Ag-TiO2/ITO/Pyrex as a cathode, Entry 1 circle (○); mono dispersed TiO2/ITO/Pyrex as 
an anode and mono dispersed Ag-TiO2/ITO/Pyrex as a cathode, Entry 6 square (□); 
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Fig. 6. The pattern diagram of electrodes. Photoelectrodes were (Ag-)TiO2/ITO/Pyrex without 
mono dispersion in entry 7; (Ag-)TiO2/ITO/Pyrex with mono dispersion in entry 14 
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Fig. 7.  The current-voltage characteristics in the PFC comprising TiO2/ITO/Pyrex as an 
anode and Ag-TiO2/ITO/Pyrex as a cathode, Entry 7 circle (○); mono dispersed 
TiO2/ITO/Pyrex as an anode and mono dispersed Ag-TiO2/ITO/Pyrex as a cathode, Entry 14 
square (□). 
 
 
Table 6.  The summary current-voltage characteristics in the PFC comprising 
TiO2/ITO/Pyrex as an anode and Ag-TiO2/ITO/Pyrex as a cathode, Entry 7; mono dispersed 
TiO2/ITO/Pyrex as an anode and mono dispersed Ag-TiO2/ITO/Pyrex as a cathode, Entry 14. 
Entry Short circuit current (A) Open circuit voltage  (mV) 
Maximum power 
(W) 
7 73.7 1.59 14.0 
14 94.1 1.38 13.8 
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General conclusion 
We developed photofuel cells Photofuel cell comprising two semiconductor 
Photocatalysts (TiO2 and Ag-TiO2) for use of acidic water as a medium. The photofuel cell 
achieved the ISC value of 73.7 A, the VOC value of 1.59 V and the  PMAX value of 14.0 W. 
Besides, the anode reaction in the PFC was demonstrated exclusively to be the photooxidation 
of water over TiO2 based on the O2 evolution test, and negligible (or no) photooxidation of 
Cl
–
 occurred based on the detected amount of HClO. The selectivity of photooxidation of Cl
–
 
was 4.1% at most as compared with the photooxidation of water. 
Photocurrents increased proportionally to the cube root of the Ag content on a cathode 
Ag-TiO2. And also they increased proportionally to the half root of the proton concentration 
in electrolyte.  These dependences are explained using the kinetic model. 
Besides we developed gas trapping PFC. Gas trapping was enabled by accommodating 
an organic solvent layer over the aqueous electrolyte solution phase in the anode and utilizing 
the solubility difference of produced O2. However, gas circulation by a vent hole in the upper 
part of the PCP film due to pressure differences was not well achieved. To transfer generated 
O2 to an anode, a greater pressure difference was needed. The performance of the gas-closed 
PFC equipped with a hexane layer on the anode was the best at the initial stage of the 
photocurrent test due to the O2 solubility effect of hexane rather than the other conditions. 
However, the photocurrents gradually decreased during the measurements for 7 h. The small 
amount of remaining O2 in the anode electrolyte (2.85 mol L
−1
) reduced the PFC 
performance considerably. The ISC, VOC and PMAX values of the gas-circulating PFC were 29.2 
A (22.5 A cm−2), 1.18 V and 6.10 W (4.69 W cm−2), respectively. These values were 
similar to corresponding values for the gas-closed PFC. 
The PFC had two major electrons flow.  One was excited electrons translation from 
CB at an anode to cathode Ag2O in Ag-TiO2 that caused by irradiation to an anode. The 
electrical motive force of this electrons translation was low (0.547 V). The other was carrier 
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electrons translation from at an anode to cathode holes in Ag-TiO2, and it caused by 
irradiation to a cathode. The electrical motive force of this electrons translation was high 
(1.28 V).  The expected electron translation from CB at an anode to cathode hole at a cathode 
that caused by both electrodes irradiations was miner. 
         We also improve photoelectrodes. To mono disperse catalysts on electrodes, catalysts 
had large surface – substrate interface and surface – electrolyte. Therefore, the excited 
electrons were easy to cathode catalyst. Then, the PFC improved in the photocurrents and ISC 
(88.1 and 94.1 A).  And the values of photocurrents increased 45% and 28% respectively by 
catalysts mono dispersion. 
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